Relationships among energy balance (EB), first ovulation, circulating metabolites and opioid involvement in peripheral LH concentrations were assessed in 40 multiparous Holstein cows assigned randomly to an experiment with a 2 x 2 factorial arrangement of treatments. Cows were either milked normally (2dd) and expected to be in negative EB (LAC) or were milked for only 1 d postpartum (PP) to ensure a rapid return to positive EB (NONLAC). Blood samples were collected from NONLAC cows every 12 min for 16 h on d 7,10, and 14 PP and from LAC cows on d 7, 14,21 and 28 PP. Within each group, half the cows received naloxone (50 mg/h) and half received saline during h 9 to 16 of each frequent sampling series. The mean number of LH pulsed8 h for NONLAC cows was 4.3, 4.7 and 5.3 at 7, 10 and 14 d PP and for LAC cows 4.3, 5.7,6.4 and 7.0 at 7, 14, 21 and 28 d PP, respectively. The LH pulse frequency was not different between NONLAC and LAC cows at 7 and 14 d PP, yet NONLAC cows had fewer days to first ovulation (P < .01).
period. The degree of negative EB in the early postpartum (PP) period previously has been shown to be correlated with both level of milk production and days to first ovulation (Butler et al., 1981; Ducker et d., 1985) . Our recent work has shown a high correlation between days to negative EB nadir and days to Fist ovulation . This relationship suggests that first ovulation does not occur in an individual animal until EB progresses beyond its most negative value and is returning toward balance.
Pulsatile LH secretion capable of inducing growth of follicles to the pre-ovulatory stage generally is not apparent in cows until the time their first ovulation approaches (Humphrey et al., 1983; Schallenberger, 1985; , which occurs 10 to 40 d PP (reviewed by Butler and Smith, 1989) . When pulsatile LH secretion was measured twice weekly, an increase in LH pulse frequency occurred after the negative EB nadir . These results suggest that negative EB in PP dairy cows regulates the number of days to fist ovulation by suppressing LH pulse frequency. Decreased LH pulse frequencies were observed in beef heifers and cows during negative EB induced by underfeeding (Imakawa et al., 1984 (Imakawa et al., , 1987 Richards et al., 1989) .
The means by which EB of the cow can modulate the hypothalamic-hypophyseal-gonadal axis is unknown. However, naloxone, an opioid peptide antagonist, has been shown to reverse the inhibitory effects of fasting on LH secretion in rats (Dyer et al., 1985) . Additionally, endogenous opioid peptides (EOP) are involved in suckling-induced suppression of LH in PP beef cattle (Whisnant et al., 1986) .
The objectives of the present study were to confirm previously established relationships between EB and the interval to fist ovulation in PP cows with a wide range of EB profiles. Additionally, the role of EOP in LH secretion during negative EB and the relationships between circulating metabolites, insulin, EB and first ovulation were evaluated.
Materlals and Methods
Forty multiparous Holstein cows were assigned randomly to treatments in a 2 x 2 factorial design in which half the animals would complete a full lactation (LAC) and half would be millred for only 1 d PP (NONLAC). Within each group, half the animals would receive either naloxone3, which is an EOP antagonist (50 mg/h), or saline during each frequent sampling series to assess the role of EOP in modulating pulsatile LH secretion.
The cows were fed a total mixed ration (60: 40, forage: concentrate) starting at parturltion 3Sigma chemical Corp., St. Louis, MO. and continuing throughout the experiment. Diet samples were taken once daily on Saturday through Tuesday of each week and fecal samples were taken per rectum thrice daily on Tuesday through Friday. Fecal samples were staggered 72 h after feed samples to allow time for digesta passage. Composites of feed and fecal samples were dried and analyzed for acid detergent lignin by the method of Goering and Van Soest (1970) . Diet gross energy was determined weekly by bomb calorimetry. Average daily EB was detedned thrice weekly through the first luteal phase from daily milk production and feed intake, thrice weekly BW, twice weekly milk fat tests and dry matter digestibility @MD) via the following equations (NRC, 1989) : Milk fat was determined in a composite of d p m samples by the North East Dairy Herd Improvement Cooperative using standard nearinfrared methods. Coccygeal blood samples collected thrice weekly (Monday, Wednesday, Friday) in tubes containing oxalate were used to quantify circulating levels of glucose, nonesterified fatty acids (NEFA), insulin and progesterone. hogesterone (>1 ng/ml) in two consecutive samples represented the first PP rise in progesterone; 3 d were subtracted from the initial rise to calculate the date of fist ovulation. Cows were fitted with indwelling jugular catheters to sample blood at 12-min intervals for 16 h. During the second 8 h of each series, naloxone (50 mg/h dissolved in saline) or saline alone was injected through the sampling catheter in 2-ml volumes after each sample and was followed by an additional 2 ml of saline. Series sampling for NONLAC cows occurred on d 7,lO and 14 PP and from LAC cows on d 7, 14, 21 and 28 PP. In a separate experiment, four additional LAC animals were used in the same experimental protocol, except that naloxone was administered at 100 m e . Blood samples were used exclusively to examine the effects of the naloxone dose on LH pulse secretion.
Luteinizing hormone was measured by a previously reported double-antibody RIA (Niswender et al., lW9 ) using NIH-LH-B9 as standard, ovine LH (LER-1374A) for radioiodination and anti-ovine LH (CSU-204) as the first antibody. Intra-and interassay CV were 7% and 18%, respectively. plasma progesterone was measured by the method of Fitzgerald and Butler (1982) with intra-and interassay CV of 14% and 18%, respectively. Frequency of LH pulses was determined using the Pulsar program (Memam and Wachter, 1982) with Gcutoff criteria (Gl-3.0, G2-2.1, G3-1.5, G4-1.2, G5-1.0), smoothing time of 8 h, CV of plasma pools within each assay for the coefficient to model assay standard deviation, .2 ng/ml for the lowest detectable concentration and 2 as the deep criterion (for splitting overlapping peaks). All other criteria were set as described in the Pulsar guide. The LH pulse amplitude was defined as the highest value in a pulse minus the preceding nadir. Plasma NEFA concentrations were measured using a commercially available enzymatic assaf with intra-and interassay CV of .8% and 3.7%, respectively. Plasma insulin concentrations were measured using a commercially available RIA5 that had been previously validated for bovine insulin (Reimers et al., 1982) . Intraand interassay CV for insulin were 3% and 18%, respectively. Glucose was measured on an automatic analyze@ using a previously validated technique (Widdowson and Penton, 1972) .
Intervals from parturition to first ovulation and negative EB nadir (greatest negative value) were analyzed by simple correlation and linear regression with days to first ovulation as the dependent variable and day to EB nadir as the independent variable. The LH data were analyzed by comparing the pulse frequency and average amplitude during the first 8 h (control period) with those readings taken during the second 8 h (treatment period) of each animal's frequent sampling series using a paired t-test. Glucose, insulin, NEFA and EB were analyzed by split-plot ANOVA. The model included treatment, cow, days PP and '%'alto, Biochemical Diagnostic. Brentwood, NY. %iCromadi~ I~c.. ~o r~h a m ,
PA.
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the treatment x days PP interaction. Treatment effects were tested using cow within treatment as the error term. Weekly means of glucose, insulin and NEFA, as well as differences between weekly means, were used in multiple regression, with days to first ovulation as the dependent variable.
Results
On average, NONLAC and LAC cows reached the negative EB nadir at 4.0 f .7 and 13.6 f 1.7 d PP and first ovulation at 14.3 f 1.2 and 27.0 f 2.7 d PP, respectively. The interval from negative EB nadir to first ovulation was 10.3 and 13.4 d for NONLAC and LAC cows, respectively. Days PP to first ovulation was highly correlated with days PP to negative EB nadir for NONLAC (r = .79, P < .Ol), LAC (r = .77, P < .01) and all cows (r = .85, P < .01). Linear regression of days to first ovulation on days to negative EB nadir The mean number of LH pulsesB h for NONLAC cows was 4.3 f .4,4.7 f .4, and 5.3 f .2 at d 7, 10 and 14 PP, respectively, and for LAC cows was 4.3 f .2, 5.7 f .2,6.4 f .5 and 7.0 f .9 at d 7, 14,21 and 28 PP, respectively. The LH pulse frequency in LAC cows increased 1.8 pulses/8 h (P < .Ol) from the period immediately before the negative EB nadir to the next period, with a nonsignificant decline in pulse amplitude. A summary of withincow comparisons detected no significant changes in either LH pulse frequency or pulse amplitude following administration of naloxone or saline in either NONLAC or LAC cows for each sampling day. This also was the case for four additional lactating cows that received naloxone at 100 mg/h (data not shown). However, these cows exhibited clinical signs of naloxone overdose, including vomiting and respiratory distress.
Using all data from samples collected thrice-weekly from LAC cows, EB was correlated with NEFA (r = -4, P c .001), glucose O F , , , , , , , , , , , , , , , , , , (r = .16, P < .02) and insulin (r = .14, P < .05).
For all samples from NONLAC cows, NEFA (r = -.30, P < .01) and insulin (r = .18, P < .01) were correlated with EB. Additionally, withincow correlations of NEFA and EB were significant in 15 of 20 LAC and 4 of 20 NONLAC cows (a range of r = -.56 to -.91, P < .05) and approached significance (P < .l) in one additional LAC cow. Three of four NONLAC cows with signifkant withincow correlations of NEFA and EB had longer than average intervals to EB nadir. No withincow correlations of glucose or insulin with EB were significant in either NONLAC or LAC cows.
Glucose and insulin concentrations and EB were higher (P < .01) and NEFA concentration was lower (P < .05) in NONLAC than in LAC cows (Figure 2) . Glucose, insulin and NEFA concentrations and EB varied across time during the first 3 wk PP in all cows (P e .01).
Neither weekly means of NEPA, glucose or insulin nor differences between weekly means were significant in multiple regression models with days to first ovulation as the dependent variable.
Discussion
Butler et al. (1981) reported a significant negative correlation between average daily EB and days to fist ovulation and noted that, on average, fwst ovulation occurred 10 d after the negative EB nadir was reached. More recently, demonstrated that the intervals to negative EB nadir and first ovulation were highly correlated; the delay to first ovulation after negative EB nadir was approximately 7 d. The present results confm earlier studies; linear regression of days to first ovulation on days to negative EB nadir for all lactating and dry cows resulted in a Y intercept of 10 d. This suggests that if cows were to reach their negative EB nadir at calving, they would ovulate 10 d later. In the present data, NONLAC cows were milked for 1 d PP. On average, NONLAC cows reached their negative EB nadir at 4.0 d PP and first ovulation occurred at 14.3 PP. The interval to first ovulation following negative EB nadir averaged 10 d for NONLAC cows and 13 d for LAC cows. The present data along with previous reports (Stevenson and Britt, 1979;  Butler et al., 1981, Ducker et al., 1985; suggest that EB plays an integral role in the resumption of ovulatory ovarian cycles PP.
The frequency of pulsatile LH secretion in lactating cows is known to increase with time PP (Schallenberger, 1985) . Luteinizing hormone pulse frequency and LH baseline increased after the negative EB nadir was reached . In the present study, LH pulse frequency in LAC cows also increased from the frequent sampling series before to the one after the negative EB nadir; first ovulation occurred soon thereafter in most cows. Therefore, energy status in increasing LH pulse frequency until the cow has begun to r e m to a positive EB. The LH pulse frequencies attained by NONLAC cows may represent the theoretical limit of the hypothalamic pulse generator at this early PP stage. However, in these NONLAC cows, follicular development preceding first ovulation already may have increased estradiol negative feedback on LH pulse secretion.
The way in which negative EB may modulate LH secretion is not known. Dyer et al. (1984) implicated EDP in the fastinginduced suppression of LH secretion in rats, and Canfield et al. (1988) also have demonstrated effects of EOP on LH secretion in energy-restricted, nonlactating ewes. In the present study, naloxone, an EOP antagonist, was administered at 50 mgh; it had no effect on any parameter of LH secretion. In four additional animals in which naloxone was administered at 100 mg/h, LH secretion also was not affected, even though the cows showed clinical signs of naloxone overdose. A PP LAC cows may be acting to slow an 50 mg/h dose of naloxone has been shown to increase pulsatile LH secretion in PP beef cows (Whisnant et al., 1986) . Therefore, the 50 mg/h dose of naloxone should have been sufficient to counteract any inhibitory effects of EOP on gonadotropin secretion; this suggests that EOP plays a minor role, if any, in this regard in the milked dairy cow. However, EOP, which act via receptor types not antagonized by naloxone, still could be involved.
Energy balance status may be conveyed to the neural centers controlling gonadotropin secretion through circulating metabolites. Peripheral NEFA are highly correlated with plasma NEFA enby rate @unshea et al., 1989) and are a good indicator of adipose mobilization. In the present study, and as reported previously (canfield and Butler, l W ) , the high within-animal correlations between EB and NEFA make these energy substrates a potential signal. Recently, Estienne et al. (1989) have reported that short-term infusion of NEFA did not alter any aspect of LH secretion in ewes that were not lactating and were in positive EB.
Although glucose and insulin were correlated with EB overall, they explained very little of the variation in EB (r < .2). Glucose and insulin concentrations declined after p mrition in lactating cows and then rose slowly over the PP period to precalving levels (Hart et al., 1978) . This gradual restoration may require 8 to 10 w k Thus, it is not surprising that weekly means of these metabolites or the change in the means during the first 3 wk PP @resent study) were not significant in multiple regression models with days to fist ovulation as the dependent variable. In the present study, EB was markedly different between LAC and NONLAC cows during the first 3 wk PP. Insulin levels were higher in NONLAC cows; insulin may be a signal to the ovary of metabolic recovery tiom pregnancy and lactation. In a separate study, insulin levels increased around the time of fist ovulation in early-PP dairy cows (Butler and Canfield, 1989) . Harrison and Randell (1986) observed enhanced ovulation rate, without concurrent changes in LH secretion, in heifers treated with insulin during negative EB. Insulin has been shown to act synergistically with FSH in morphological differentiation of granulosa cells and enhances LH binding by its receptor (Amsterdam et al., 1988) . Additionally, insulin acts alone and synergizes with hCG to stimulate thecal cell and androgen production (Hernandez et al., 1988) . Therefore, elevated insulin levels in NONLAC cows may act permissively on the ovary to enhance follicular responsiveness to LH stimulation. However, neither circulating FSH nor estradiol was quantified in this study; both may be involved in the shorter interval to first ovulation in NONLAC cows.
In conclusion, a relationship between PP negative EB and first ovulation has been confirmed. In LAC cows LH pulse frequency was increased after the negative EB nadir was reached. Plasma NEFA were highly correlated with EB, providing a potential signal of EB status to neural centers controlling LH secretion. The absence of any effect of naloxone on LH pulse secretion indicates that EOP probably are not involved in the delay of ovulation during negative EB in early PP dairy cows.
Pulse frequency of LH was not different between NONLAC and LAC cows during the first 2 wk PP, a period when many NONLAC cows fist ovulated. This implies that decreased ovarian sensitivity to LH signalling also may be involved in timing the resumption of PP ovulation in LAC cows. Decreased ovarian sensitivity may be related to energy status (metabolites) or to circulating levels of insulin.
lrnplicatlons Energy balance plays a major role in the initiation of ovulatory ovarian cycles in postpartum dajr cattle. Energy balance may function at two levels: the modulation of pulsatile LH secretion (presumably at the hypothalamic level) and alteration of ovarian responsiveness to LH signalling. Further understanding of the mechanisms by which energy balance regulates the interval to first ovulation may provide opportunities to shorten this interval.
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